ABSTRACT. Soil seed banks are important to the maintenance and restoration of floras. Extant seed banks exhibit unique characteristics with regard to the distribution of seed size and seed density. Seeds were recovered from the Upper Pennsylvanian Wise Formation in southwest Virginia. Structurally preserved seeds were also examined from coal balls of the Pennsylvanian Pottsville and Allegheny Groups, Ohio. The size distribution of the seeds from the Wise Formation is similar to that of structurally preserved seeds of the Upper Pennsylvanian Pottsville and Allegheny Group coal balls. In contrast, the seed size distributions in extant wetland, grassland, woodland and forest habitats are significantly narrower than that of seeds from the Pennsylvanian seed banks. Larger seeds are less dependent on light for germination, and aid in seedling establishment more than smaller seeds, especially in dense stable forests where disturbance events are rare. Large seed size may contribute to increased seed longevity, which reduces the effect of environmental variability on seed germination and development. The significantly larger size of the Palaeozoic seeds may have imparted an advantage for seedling establishment in the dense Palaeozoic forests. The preponderance of large seeds may be a result of the absence of large seed predators (e.g. herbivorous tetrapods), and may have been an evolutionary strategy to minimize damage to the embryo from a predator population dominated by small invertebrates with chewing or sucking mouthparts.
A soil seed bank represents a reservoir of viable seeds derived from the surrounding flora, with the potential to restore the flora in a disturbance event or to replace aging members of the population (Darwin 1859 , Thompson 1987 , Baskin & Baskin 1998 , Hopfensperger 2007 , Saatkamp et al. 2014 . Many processes serve to bury seeds in plant communities; for example, soil drying, cracking, soil freezing/thawing and animal activities contribute to seed burial and the establishment of a soil seed bank (Benvenuti 2007a, b) . Seeds act as diaspores and can remain viable for long periods of time in the soil (Baskin & Baskin 1998) .
The origin of the seed was a major evolutionary event in plants. Seeds are first recognized in the fossil record in the late Devonian (Rothwell & Scheckler 1988) . Seed-bearing plants of the Palaeozoic include the Medullosaleans, Lyginopteridaleans, Callistophyta leans, conifers, cycads and gymnosperms, and subsequently the ginkgos, cycadeoids and angiosperms in the Mesozoic. These taxa have seeds that vary in size, shape, seed coat thickness and accessory structures such as wings, parachutes and internal air channels that aid in seed dispersal. Angiosperm seeds are often shed within a fruit, which can exhibit a wide range of accessory structures for abiotic or biotic dispersal that fall well outside of the morphological diversity of seeds in the Palaeozoic. Even though Palaeozoic seeds have been studied (Arnold 1938 , Harper et al. 1970 , basic aspects of the seed banks (species composition, seed size distribution, seed density) associated with Carboniferous habitats are not well known due to low sample size.
A significant number of seeds from a single lithological unit in the Upper Pennsylvanian Wise Formation in southwest Virginia were collected over a 1-2 day period during a mountaintop mining operation. The purpose of this study was to determine the characteristics of an Upper Pennsylvanian (Palaeozoic) seed bank and to compare them with extant seed banks, in order to better understand the carboniferous plant communities.
MATERIALS AND METHODS

GEOLOGY
Economically important coal deposits occur in three areas in Virginia: the Triassic Richmond and Farmville basins, the Mississippian Valley coal field, and the Pennsylvanian southwest Virginia coal field (Eby et al. 1923) . The southwest Virginia coal field is the source of all current coal production in Virginia, and ranges in type from high-to low-volatile bituminous coal. The coal-bearing strata are generally horizontal to gently dipping. The Pennsylvanian Formations in the southwest coal field are, in ascending geological order, the Pocahontas Formation/Lee Formation, Norton Formation, Wise Formation and Harlan Formation. These formations are comprised of sequences of non-marine coal, sandstone, siltstone and shale, and are occasionally intercalated with thin clastic calcareous sediments of marine origin. The fossil seeds used in this study are from the Upper Pennsylvanian Wise Formation. The seeds were collected over a 1-2 day period during a mountaintop mining operation at the A & G Coal Corporation, Black Mountain, Virginia, by Mr. B. Tussing of Wise, Virginia. A total of 77 seeds were extracted from the matrix, cleaned and labeled, and a number of seeds were examined in situ.
The Pennsylvanian sediments in Ohio belong to the Pennsylvanian Pottsville and Allegheny Groups. These sediments are comprised of sandstone, limestone, shale and coals, and are of both terrestrial and marine origin. Coal balls collected from these sediments in southeastern Ohio were cut, polished, etched in HCl and peeled in order to examine the structurally preserved seeds microscopically. Processing and identification of the structurally preserved seeds were done in the lab of Thomas N. Taylor, University of Kansas, Lawrence, Kansas, and the coal balls are deposited in the palaeobotanical collections at the University of Kansas. A total of ten seeds were investigated from the coal ball peels (Tab. 2).
The seed-bearing sediments from the Wise Formation represent an in situ seed bank, based on these observations: the sediments are unsorted, the seeds are randomly oriented, and the range of seed size is highly variable and comparable to the range of sizes observed in the autochthonous assemblage of seeds from the Pennsylvanian coal balls of southeastern Ohio.
MODERN SEED WEIGHT MEASUREMENTS
Tiffney (1984) calculated the volume of angiosperm seeds using the ellipsoidal-ovoid volume estimation formula (V = 4 / 3πabc, where a is seed length, b is seed width, c is seed breadth) (see also Erickson et al. 2000 , Sims 2012 . Tiffney (1984) tested the assumption that volume and weight are related in seeds using 52 angiosperm taxa, and found a log-linear relationship between seed volume and seed weight. In this study we examined seeds of 62 gymnosperm species from eight families from a wide range of habitats (Tab. 1). The seeds were obtained from the West Virginia University Herbarium (WVU) in Morgantown, WV; Montgomery Botanical Center, Coral Gables, FL; Huntington Botanical Gardens, San Marino, CA; the USDA; and the US National Herbarium at the Smithsonian Institution, Washington, DC. Seed weight was measured using a Toledo scale to 0.00001 g accuracy. A minimum of 10 and a maximum of 100 seeds per species were weighed, and the dry weight of the seeds was recorded (Tab. 1). For seeds of each species we recorded the length (mm), width (mm), breadth (mm), sphericity index, volume (mm 3 ) and weight measurements (Tab. 1). The sphericity index of the seeds was determined according to Mohsenin (1986) , who expressed the degree of sphericity as follows:
where Φ represents the sphericity index, A is seed length, B is seed width, and C is seed breadth. All seeds from the species examined having a sphericity index above 50% were regarded as spherical, and the ellipsoidal-ovoid volume method could then be applied.
FOSSIL SEED MEASUREMENTS
The fossil seed length (A), width (B) and breadth (C) were measured using a digital caliper to 0.1 mm accuracy. Sphericity was calculated according to Mohsenin (1986) . Volume (V) was estimated using the ellipsoidovoid volume estimation formula (Tiffney 1984 , Eriksson et al. 2000 , Sims 2012 ). Tiffney (1984) documented a log-linear relationship between the volume (mm 3 ) and dry weight (grams) of modern angiosperm seeds (n = 52 species, R 2 = 0.928). We assessed this relationship in modern gymnosperms in this study. The linear 
MODERN SEED BANK AND DATA COLLECTION
The published reports of modern seed banks used for comparison in this study are those with known species composition and seed density. Seed weights of species occurring in modern seed banks were compiled from the Royal Botanic Gardens Kew Seed Information Database (SID) (Royal Botanic Gardens Kew 2008). The weight for each species is the reported weight for 1000 seeds. The weight of an individual seed was determined as 1/1000 th of the reported weight from the Royal Botanic Gardens SID. Species whose seed weight could not be found were eliminated from this study.
DETERMINATION OF FOSSIL SEED DENSITY
Seed density is reported as the number of seeds per square meter of sediment (Tab. 3). The methods used for determining seed density include the germination method and elutriation method. The elutriation method is a direct method which separates all of the seeds from a soil sample. The germination method gives an estimate of seed density of viable seeds in a known volume of soil, and not of all the seeds present in that volume of soil. We could not determine the Palaeozoic soil area and could not determine the depth of the paleosol from which the sample was taken (seed density decreases with depth). We calculated the number of seeds per meter squared (Gross 1990) . The frequency of seeds per square meter of sediment was determined by measuring the displacement of a known volume of water by blocks of sediment that contain seeds. None of the blocks of sediment containing seeds was less than 10 cm in any dimension. The volume of all usable samples with seeds was determined by their displacement of a volume of water (final water level minus initial water level). Seed density per square meter was determined using the formula:
Using this formula, the frequency distribution of seeds per square meter of sediment can be extrapolated to determine the seed density in one square meter of soil for the Pennsylvanian seed bank by multiplying the total number of seeds in all fragments by 10,000 centimeters (the number of centimeters in one square meter) divided by the total volume of sediment (1 ml = 1 cubic centimeter). All samples were taken from one sediment type during mountaintop mining operations.
STATISTICAL ANALYSIS
All statistical analyses were run using PAST v. 3.14 (Hammer 1999-2016). The Shapiro-Wilks test was used to determine if the data was normally distributed. To test the assumption of a log-linear relationship between gymnosperm seed volumes (mm 3 ) and the gymnosperm seed weights (g), the data were transformed to log data, and we used a log-linear regression model (y = 1.0171x -4.13191, R 2 = 0.9306). To determine similarity in seed size distribution and seed density, ANOVA was applied to the Pennsylvanian seed bank and modern seed banks.
RESULTS
A log-linear regression of volume versus weight of seeds of 62 modern gymnosperm species yields R 2 = 0.9306 (Tab. 1, Fig. 1 ), supporting the hypothesis of a log-linear relationship between the volume and weight of gymnosperm seeds (Tiffney 1984) . Tiffney (1984) studied the log-linear relationship between the volume and weight of 52 propagules of extant angiosperm species, obtaining R 2 = 0.928, similar to the result from our data. The log-linear relationship between volume and weight in gymnosperm seeds provides the basis for estimating the weight of the perminerized fossil seeds, using the regression equation y = 1.0171x -4.13191 (Tab. 2, Fig. 1 ).
Fossil seeds from the Pennsylvanian Wise Formation of the Black Mountain mine in Virginia have seed sizes ranging from 0.0026 g to 41.49 g (Tab. 2). Of the 87 fossil seeds for which we estimated seed weight, only 18 seeds were estimated to weigh less than 1 g. The fossil seed bank was dominated by seeds estimated to weigh more than 1 g (Tab. 2, Fig. 2 ). There was a significant difference in seed weight between the extant habitats (wetland, grassland, woodland, forest) and the fossil seed bank assemblage of the Pennsylvanian Wise Formation (ANOVA, F = 94.68, p = 4.529E-65) (Tab. 3, Fig. 2) .
The average seed density of modern seed banks ranges from 262 seeds / m 2 to 50,060 seeds / m 2 associated with the woodland habitat (Tab. 3, Fig. 4) . Seed density does not significantly differ between seed banks from different habitats (Kruskal Wallis, p = 0.086). Palaeozoic seed density had only a single data point represented as an average (Fig. 3) . Estimated seed density per square meter was 192 seeds / m 2 in the sediments of the Pennsylvanian Wise Formation from the Black Mountain Mine; this falls within the range of modern seed banks (Tab. 3, Fig. 3 ).
DISCUSSION
In this study we assessed two characteristics of the Palaeozoic seed bank: seed size (weight) and seed density. Palaeozoic seed size (weight) differed significantly from that of seeds in extant seed banks (Tab. 2, Fig. 2 ). The wetland, grassland, woodland and forest seed banks are dominated by small seeds (< 1 g) (Tab. 3, Fig. 3 ) and the fossil habitat was dominated by seeds approximately 1000 times heavier (>1 g) (Fig. 2) . Fossil seed density was at the low end of seed densities observed in extant seed banks but did not differ significantly (Fig. 3) . Thompson et al. (1993) suggested that size and shape are of some predictive value for the persistence of seeds in the seed bank. Other factors such as germination requirements and resistance to pathogens and predation are also important to seed persistence (Moles et al. 2005) . Larger seeds often originate from shadetolerant climax species (forest habitat) and are better adapted for low-light germination than smaller seeds. These seeds can germinate in the understory (Schupp et al. 1989) . Insect predation was the major type of seed predation during the Pennsylvanian. There is evidence that insects with sucking and piercing mouthparts preyed upon a number of seed-bearing plants in the Palaeozoic (Labandeira & Phillips 1996 , Labandeira 1998 . There is also evidence of boring in pteridosperm stems and petioles, and external feeding of pteridosperm foliage (Labandeira & Phillips 1996) (Westoby et al. 1996) ; however, large herbivorous tetrapods evolved in the late Carboniferous and may not have been an important factor in the evolution of seed size in the Pennsylvanian (Sues & Reisz 1998) . Small and spherical seeds are capable of incorporation into the soil profile more easily than large seeds (Thompson et al. 1993 , Bekker et al. 1998 , Benvenuti 2007a . Palaeozoic seeds exhibit sphericity, but their size would suggest that fewer Palaeozoic seeds were incorporated deep in the soil column. The Palaeozoic seed size spectrum is significantly different, shifted to the higher end of the seed size gradient than is observed in extant seed banks (ca 1000-fold difference, Fig. 3 ). It must be considered that the finding of large seed size does not necessarily represent all of the seed sizes produced by Palaeozoic seed-bearing taxa. The full Palaeozoic seed size spectrum may not be preserved in the death assemblage, and seed size may vary between Palaeozoic habitats as it does in modern seed banks. Some studies have shown taphonomic bias of preservation in the fossil record; only a fraction of the organisms that lived at that time may be preserved (Lawrence 1971). Sims (2012) indicated lower preservation probability for smaller seed lineages than larger seeded lineages in the Pennsylvanian Sub period. The structurally identified seed fossils from the Ohio coal balls, however, have a seed size range and small:large seed ratio similar to those observed in seeds recovered from Virginia (Tab. 2).
The preponderance of larger seeds suggests that the formation of the Palaeozoic seed bank occurred in a closed-canopy tropical forest (Baker 1972) . Although the species composition, size and density of seed banks vary in extant tropical forests, many investigated sites show a tendency toward large seeds and lower seed density (Hopkins & Graham 1983 , Garwood 1989 , Dalling et al. 1997 , Dalling & Denslow 1998 . The Pteridosperms broadened their role as canopy-dominant taxa during the Pennsylvanian (DiMichele et al. 2006) . The prevalence of large seeds may have been a strategy to produce shade-tolerant juveniles below the forest canopy, awaiting the formation of a gap or to capture space in forest gaps by more rapid seedling establishment (Schupp et al. 1989 , van Ulft 2004 . The stored reserves in large seeds promote quick germination and rapid seedling establishment in a population of transient seeds (Foster & Janson 1985 , Rees 1996 , Turnbull et al. 1999 , Nathan & MullerLandau 2000 , Yu et al. 2007 ). Seed density has been shown to vary between habitats and within habitat. There was no significant difference in seed density between habitats (p = 0.074) (Fig. 3) , although the seed density reported for the Palaeozoic seed bank is at the low end of the seed density range (Fig. 3) . Palaeozoic seed density is most similar to the density described for the forest habitats examined in this study (Tab. 3, Fig. 3 ) (Hall & Swaine 1980 , Kramer & Johnson 1987 . The Palaeozoic community that led to the formation of this seed bank has been reconstructed as climax forest-wetland (Leck et al. 1989 ). Many Palaeozoic coal swamps were coastal and may have been exposed to disturbances such as storms, storm surges or fires, which may also affect seed density (Middleton 1999) .
Although seed size (weight) was significantly larger than that of extant seed bank assemblages, seed density fell within the range of modern seed banks, suggesting that seed banks and seed bank dynamics were being established early after the evolution of seeds and in response to their ecological context. The seed density of extant forests is similar to that of the Palaeozoic habitat, and the latter may be characterized as tropical or subtropical forest. It would be interesting to know what evolutionary changes in seed physiology accompanied the establishment of the first seed banks. The variation in the characteristics observed in modern seed banks may be influenced by the unique ecological context of the individual habitats. In the case of the Palaeozoic habitat, large seed size, coupled with low seed density, may be influenced by the absence of large predators, the preponderance of small invertebrate predators, disturbance factors (e.g. fire, storm surges), and may have aided germination and early seedling establishment in the forest understory or in forest gaps in these dense, stable tropical-subtropical wetland Palaeozoic forests.
